Distinct annuli in cementum, a mineralized tissue surrounding the root of mammalian teeth, are used to estimate age in wildlife. Life-history information may be recorded in cementum patterns but interpretation is complicated by variation in cementum width between individuals, among their teeth, and around the surface of the root. First premolar teeth from polar bears (Ursus maritimus) were evaluated. We identified sources of variation in cementum growth and methods are presented that reduce error and permit comparisons within and between individuals. A minimum of 10 measurements from 1 aspect was required to produce precise estimates of cementum growth layer group (GLG) width. Variance component analysis revealed that comparisons between distal and mesial aspects of the root introduced the greatest variation among bears. Controlling for aspect, variance was partitioned differently between the mesial and distal surfaces. Comparisons between maxillary and mandibular premolars from the same bear indicated that data from these teeth should not be pooled; data collected from left and right lower premolars may be combined. Indices to represent adjusted GLG widths are described that reduce age and allometric effects, allowing life-history or environmental factors to be compared.
Cementum is a mineralized tissue surrounding the root of teeth and assists in anchoring a tooth within the alveolus, tooth eruption, and root repair (Bosshardt and Selvig 1997; Schroeder 1986 ). Cementum is deposited throughout an animal's life but the rate of formation fluctuates, resulting in layers with different cell density and collagen orientation (Cool et al. 2002; Lieberman 1994; Smith et al. 1994 ; Fig. 1 ). Teeth sectioned and stained for light microscopy exhibit a pattern of broad, light-staining bands followed by narrow, dark lines reflecting periods of rapid and slow cementum formation, respectively (Bosshardt and Schroeder 1990) . The thin, dark-staining cementum is termed an incremental line, whereas the annual deposition of the wide translucent band and successive incremental line are referred to as a growth layer group (GLG). Counts of distinct layers of cementum in teeth are used to estimate age in a variety of mammalian species (Grue and Jensen 1979; Klevezal and Kleinenberg 1967; Sergeant 1967) .
A number of endogenous and exogenous factors may influence cementum production. Annual layers have been correlated with both the rate and the duration of the growth period in each year of an individual's life (Grue and Jensen 1979; Klevezal 1980 Klevezal , 1996 . Cementum may respond directly to levels of growth hormone (Smid et al. 2004) or as a functional response to secure the tooth's position within the growing alveolus (Schroeder 1986 ). In addition to growth, cementum can respond to mechanical stresses against the tooth with increased cementum production to maintain tooth apposition, root attachment, and continued eruption (Dastmalchi et al. 1990; Lieberman 1994; Schroeder 1986 ). The formation of additional dark-staining lines within an annual GLG may result from hormonal changes occurring within the reproductive cycle; however, these effects may be confounded by changes in behavior and seasonal changes in resources (Mitchell 1967; Reimers and Nordby 1968; Sergeant 1967) .
A greater body of evidence supports the appearance of incremental lines as the result of exogenous forces such as seasonal changes in prey abundance or forage quality, or to periods of prolonged fasting (Grue and Jensen 1979; Lieberman 1994; McCullough 1996; Mitchell 1967; Sergeant 1967) . Incremental lines are formed in the winter for a number of species including those that are inactive during resource-poor seasons (Grue and Jensen 1979; Sauer et al. 1966; Stoneberg and Jonkel 1966) . The effect of season on incremental line formation is supported by the reduced distinction of cementum annuli in both tropical regions and extreme polar regions where seasonality is less pronounced, or when inhabitants of one region are translocated to environments with different seasonal timings or buffered from seasonal variations in climate and food availability (Grue 1976; Grue and Jensen 1979; Klevezal 1980 Klevezal , 1996 Mitchell 1967) .
The correlation between cementogenesis and environmental and physiological states has led to the use of cementum to infer life-history information such as season of death, female reproductive success, sexual maturity, and growth (Burke and Castanet 1995; Carrel 1994; Cipriano 2002; Coy and Garshelis 1992; Kagerer and Grupe 2001; Laws et al. 2002; Lieberman 1994) . The majority of support for detecting life-history variables from cementum are qualitative and anecdotal (Cipriano 2002; Coy and Garshelis 1992; Kagerer and Grupe 2001; Klevezal and Stewart 1994) . Measurement of cementum annuli has been used to identify season of death (Burke and Castanet 1995; Wedel 2007) , sexual maturation (Laws et al. 2002; von Biela et al. 2008) , and reproductive success (Carrel 1994) . Previously described methods of quantitative cementum analysis can be limited in their ability to address multiple hypotheses, can be species specific, or can restrict conclusions to single individuals. We describe general methods to allow quantitative evaluation of cementum patterns, permitting rigorous evaluation of life-history correlations and providing greater statistical power in hypothesis testing.
Quantitative cementum evaluation is complicated by the variation in amounts of cementum deposition around the surface of the root, which may not be comparable between or within individuals (Childerhouse et al. 2004; Solheim 1990; Fig. 1) . This variation requires evaluation of whether measurements from multiple aspects of the root surface can be pooled for analysis. Additional sources of variation include the section (depth of longitudinal section) and tooth (e.g., 1st upper left premolar 5 LP1, 1st lower left premolar 5 Lp1, 1st upper right premolar 5 RP1, and 1st lower right premolar 5 Rp1). Large amounts of variation within aspect, section, and tooth may obscure differences in cementum widths, making it important to understand how these factors contribute to the overall variance and identify sampling methods to reduce this source of statistical error.
Precise estimates of GLG width are required to further reduce erroneous conclusions. Too few measurements will result in poor estimates of GLG width. Additionally, direct comparisons of GLG widths are impaired by the unequal rate of cementum deposition throughout an individual's life and by individual differences in cementum formation (Carrel 1994; Laws et al. 2002) . Indices have been used to compare cementum width of females to determine parturition and cub rearing (Carrel 1994; von Biela et al. 2008) . The index developed here addresses some shortcomings of previous indices and may be used in future investigations to identify specific climate or year effects or the influence of physiological conditions (e.g., body condition or reproduction) on cementum deposition.
MATERIALS AND METHODS
A long-term study initiated in 1965 of the population ecology of polar bears (Ursus maritimus) in western Hudson Bay, Canada, has led to the collection of .2,600 first premolars from .1,800 individuals. Approximately 80% of the adult bears are uniquely identifiable and many have been captured on .1 occasion. Consequently, many bears of known age have been captured and had multiple 1st premolar teeth collected, facilitating the comparison of life-history information (Stirling et al. 1977b) . Procedures for animal capture and sampling were approved by the Environment Canada Prairie and Northern Region Animal Care Committee and met guidelines approved by the American Society of Mammalogists (Gannon et al. 2007 ). Bears were chemically immobilized, then teeth were extracted using a dental elevator and dental pliers (Stirling et al. 1977b (Stirling et al. , 1989 . Most teeth were fixed in 10% neutral buffered formalin shortly after collection; some teeth were air-dried for several weeks without negative effects on GLG fixation (Calvert and Ramsay 1998) . After fixation (minimum 72 h), whole teeth were decalcified in 25% formic acid solution (end point determined by solution test for calcium ions), and the tooth crowns were removed. After postdecalcification washing, roots were mounted with an optimal cutting temperature compound for cryostat sectioning (Stirling et al. 1977a ). Roots were sectioned into 10-mm-thick distal-mesial longitudinal sections at different levels passing through the central root canal. For each tooth, 8 sections in order of approaching center, center, and receding from the center were mounted on a glass slide (Calvert and Ramsay 1998) . Sections were stained with Toluidine Blue 0 in alkaline water (pH 8-9).
Longitudinal sections were photographed using a Leica DFC480 camera (Leica Microsystems Limited, Wetzlar, Germany) mounted to a transmitted light microscope (Leitz Ortholux II; Leitz Microscopes, Wetzlar, Germany). Images were captured at 633 magnification. GLG widths were obtained from single images from the distal and mesial aspect of the root surface where the cementum was widest and all GLGs could be identified. Measurements were made perpendicular to the incremental lines, starting at the dentinocemental junction, using calibrated image analysis software (Rincon; IMT i-Solution Inc., Goleta, California). When possible, teeth from bears of known age (1st captured as cub-of-the-year) were used; otherwise age was determined by the agreement of 2 technicians experienced in age determination (Calvert and Ramsay 1998) . Teeth were excluded from this investigation if the age assigned by the experienced readers did not correspond with visible GLGs, or teeth were damaged during processing.
Sampling intensity.-Width of the GLG fluctuates around the surface of the root (Fig. 1) ; therefore, 1 or 2 measurements may not accurately reflect width. To determine the appropriate number of sample measurements required to estimate annual cementum growth, 50 measurements were obtained for each GLG from single digital images of distal cementum from 15 bears. For each bear, 20 possible estimates of GLG width were determined for each sample size (1-50) by the mean of widths randomly selected, without replacement, from the original 50 measurements. The coefficient of variation (CV) for the range of possible estimates was calculated for each sample size and compared between bears to determine how many measurements were required to obtain an acceptably precise estimate of GLG width. A CV between 5 and 6 indicates precision for linear morphometrics (Simpson et al. 1960) .
Identifying sources of variation and reducing error.-To identify how the variables Bear (individual), Aspect (of tooth; e.g., distal or mesial), Tooth (LP1, Lp1, RP1, or Rp1), and Section (location of longitudinal section within the tooth) contributed to experimental error, a series of nested analyses of variance (ANOVAs) followed by variance component analysis were performed (Table 1) . To avoid variation that may exist between sexes, and between females at different reproductive stages, observations were restricted to premolars from male bears. Multiple teeth collected when individuals were between 5 and 15 years of age were analyzed. GLG data from 2 or more teeth were available up to 5 years of age from 16 bears and up to 6 years of age from 13 bears. Although 8 sections from each tooth were mounted for age determination, only the1st, 3rd, 5th, and 7th were photographed and had cementum width measured at distal and mesial locations. Two values of GLG width were obtained from each aspect from the mean of 10 measurements. The GLG widths were log 10 -transformed to normalize data for parametric analysis. A 4-level nested ANOVA, (Aspect[Section[Tooth [Bear] ]]) was performed for each GLG using SYSTAT 11.0 (SYSTAT Software Inc., San Jose, California) and was followed by a variance component analysis (Bailey and Byrnes 1990; Blackwell et al. 2006) . Negative contributors to the variance component analysis were removed (set to equal 0) and the partitioning was reexecuted (Brown and Mosteller 1991; Quinn and Keough 2002) . A 3-level nested ANOVA was then performed, controlling for the factor that contributed the greatest error in the 4-level nested ANOVA, to observe the distribution of error within the remaining variables.
Intrabear variation in GLG widths was assessed using individuals from whom multiple teeth had been collected. Paired t-tests were used to compare age-and aspect-specific GLG widths obtained from the LP1 and RP1 of an individual to detect potential bilateral asymmetry (n 5 30). A difference in cementum deposition between upper and lower 1st premolars was investigated by comparing an individual's LP1 to Lp1, or RP1 to Rp1 (n 5 22). Both actual GLG width and proportional GLG width (PW) were calculated for distal and mesial regions. PW is a better representation of cementum pattern because it accounts for possible size differences between teeth. PW was calculated by dividing the width of the GLG at a particular age (x i ) by the sum of all GLGs widths up to and including that age:
Right mandible of polar bear (Ursus maritimus) with arrow indicating location of 1st premolar, B) longitudinal section of polar bear 1st premolar root indicating the distal and mesial aspects and variation in cementum width around the surface of the root, and C) distinct cementum growth layer groups that decrease in width with age. GLG 5 growth layer group; DCJ 5 dentinocemental junction. 
For GLG 0 , equation 1a will always result in PW 0 5 1. The 1st year of an animal's life is a critical time for growth, with cementum potentially recording valuable growth information. We found a meaningful representation of the 1st year's growth by using the width of GLG 0 divided by the sum of GLG 0 and GLG 1 (equation 1b). This gives an estimation of PW 0 in relation to a standardized period of subsequent growth:
Intra-and interbear comparisons using indices.-Indices permit the testing of statistical hypotheses by representing GLG width as a parameter with a normal distribution, removing the age effect (i.e., decrease in GLG width with age) and sources of bias stemming from the individuals sampled. Indices of GLG width were developed considering the results for appropriate sampling intensity and protocols to reduce error introduced by inappropriate pooling of measurements. GLG widths from the distal aspect of 1st lower premolars collected from 67 known-aged bears (n 5 36 females, n 5 31 males) were measured using the mean of 20 measurements per image and 1 image per aspect.
A proportional width index (PWI) can be used to test hypotheses related to changes in the pattern of cementum deposition within individuals, or between individuals of different ages. PWI can be used to test whether a GLG is greater or less than the sampled mean after accounting for individual patterns in cementum deposition, rather than assuming that all bears at all ages have the potential to deposit the same amount of cementum. PW i values are calculated for each GLG (equations 1a and 1b). PWI values are created by dividing an individual's PW i by the sex-specific mean PW i for age i. However, because this value can never be negative but theoretically has no upper limit, and the mean PWI of any GLG will always equal 1, the resulting data are inherently skewed. Log transformation removes the skew of data when the result is ,1, and better meets assumptions of normality and homoscedasticity for future parametric tests of hypotheses (equation 2):
RESULTS
Sampling intensity.-Variation in GLG width was greatest at younger ages (Fig. 2) ; therefore, only the first 5 years of cementum deposition were evaluated. A maximum CV , 6.0 was 1st observed with 12 measurements from a GLG. For a maximum CV , 5.0, 18 sample measurements were required. The lower 95% confidence limit indicates that a sample of !10 measurements would produce CV , 5.0. For identifying sources of variation and error, and establishing indices to allow comparisons, the average of 20 sample measurements from either aspect of the root surface was used to reduce the possibility that imprecise estimates were used.
Identifying sources of variation and reducing error.-Aspect (X 5 54.7%) was identified as the strongest factor contributing to variation in the 4-level nested ANOVA (Aspect[Section[Tooth [Bear] ]]; Table 2 ). This was followed by the variables Bear (X 5 28.6%) and Tooth (X 5 14.3%). The variation introduced by sampling different sections was negligible, resulting in negative values in the initial partitioning of the variance. The negative values were removed and the partitioning of variance recalculated. For the 4-level ANOVA all factors were significant (P , 0.001 in all cases).
Controlling for Aspect in the 3-level ANOVA, the variation was partitioned differently between the mesial and distal aspects (Table 3) . Within the mesial aspect, the highest source of variation was observed between Bears (X 5 50.6%) followed by variation between Tooth, Section, and finally Error. In the distal aspect the variable Tooth contributed the most variance (X 5 49.1%), followed by Bear, Section, and Error. For the 3-level ANOVA controlling for Aspect, all factors were significant (P , 0.001).
Comparisons between Lp1 and Rp1 of an individual showed that there were no significant differences (after Bonferroni adjustment) in actual or proportional GLG width in the distal or mesial aspect (Table 4) . When comparing actual GLG width from LP1 to Lp1 or RP1 to Rp1 of an individual, there were several significant differences in the distal aspect (at age 0, 2, 3, 4, and 5) but none in the mesial aspect (Table 5 ). There were fewer significant differences (at age 0, 1, and 3) in the pattern of cementum deposition, as indicated by PW values, and 1 of these occurred at a different age than the significant differences observed using actual width.
Intra-and interbear comparisons using indices.-Proportional width indices removed the age effect and the individual differences in growth were removed (Fig. 3) . The PW value represents how cementum width compares in 1 GLG to previous cementum deposition for an individual, whereas PWI values relate how cementum deposition compares to other individuals in the sampled population. The variation that remains within the PWI values may then be correlated to the physiological history of individuals or with environmental factors.
DISCUSSION
In most morphometric studies, there is a definable target measurement (e.g., condylobasal length or maxillary toothrow); however, measurements of cementum annuli are complicated by the deposition of a tissue that fluctuates in width and clarity over the surface of the root (Childerhouse et al. 2004; Craighead et al. 1970; Laws et al. 2002) . Variation in cementum growth between teeth and among individuals further complicates quantification of cementum GLG widths. We evaluated this variation and described methods to obtain Bear (15) Tooth (16) Section (96) Error (128) Bear (15) Tooth (16) Section (96) Error (128) TABLE 4.-Results of paired t-tests between cementum growth layer group (GLG) widths (actual width and proportional width) between left and right lower 1st premolars from polar bears (Ursus maritimus). Bonferroni adjusted level of significance P , 0.008 precise estimates of GLG width, identify and control for introduced error, and develop an index to remove bias from age and allometric differences in cementum growth. These procedures for identifying sources of error and variation could be applied to teeth collected from any taxa to develop sampling protocols for evaluating cementum as a structure capable of recording physiological or environmental states. Sampling intensity.-The width of GLGs along the root surface fluctuates, making it unrealistic to assume that 1 or 2 lines of measure would accurately reflect GLG width. Sampling an aspect !10 times for the width of a polar bear GLG produced a mean with an acceptable variance of the estimate; 18 measurements produced a CV maximum , 5. The purpose of this data exploration was to understand sampling issues at practical sample sizes. Using the same 50 lines, 20 times in a random order, did not provide a clear indication of the true variance for the higher numbers of sample measurements; however, for low numbers of sample measurements the likelihood that the same lines would be included in an estimate is reduced.
Identifying sources of variation and reducing error.-Considerable error may be introduced by pooling distal and mesial aspects without accounting for their differences. The simplest alternative would be to restrict sampling to only 1 aspect or to use multiple aspects as independent variables. There is likelihood that not all cementum from teeth would be distinct in multiple specific locations; therefore, it may be preferable to focus effort on an aspect consistent in clarity. The distal aspect of the tooth deposits the widest cementum layers, which may be attributed to increased tensile forces (Bellucci and Perrini 2002; Polson et al. 1984; Schroeder 1986) . Wider layers of cementum generally have better GLG definition than more compact layers and are less prone to resorption caused by compression (Chan and Darendeliler 2006; Hensel and Sorensen 1980; Rausch 1969) . Additionally, the partitioning of variance when only the distal aspect was evaluated indicated that controlling for which tooth was sampled will further reduce introduced error. Controlling for tooth in the mesial aspect would not have as great an effect on reducing error because more variation was observed between bears. Choosing the distal aspect, in this case, was the more conservative approach. Variance component analysis showed little difference between sections; obtaining the most central section, discernable as containing the greatest amount of pulp cavity, would provide the best representation of GLG width but slight deviations from center will have little influence on results.
The archived collection of polar bear teeth contains a mixture of upper and lower premolars. The lack of observable differences in cementum widths between contralateral teeth had been described (Rausch 1969; Solheim 1990 ). We failed to find any significant differences between GLG widths and proportional widths from left and right lower premolars and conclude that data from these teeth could be pooled. However, comparison of LP1 to Lp1, and RP1 to Rp1 from individuals indicated that the upper and lower teeth might have different patterns of cementum in the distal aspect. This lack of agreement between patterns of cementum deposition may interfere with comparisons of life-history information. If the distal aspect is used for analysis then data from upper and lower premolars should not be pooled.
Intra-and interbear comparisons using indices.-Proportional width indices account for the decrease in GLG width with age along with an individual's pattern of growth, removing the risk of considering a small growth layer for a large bear equal to a large growth layer for a small bear. The PWI reduces the noise in GLG width data so that the remaining variation can be compared to life-history information. PWIs are more appropriate than actual values of GLG width for addressing temporal questions within an individual's lifetime such as reproduction, physiology, or annual measurements of environment characteristics. Carrel (1994) developed a similar index of GLG width to detect past reproductive history within the pattern of cementum from female black bears (U. americanus). Carrel (1994) used 2 measurements from transverse sections of premolar roots to quantify GLG width. A relative width index was created by dividing proportional widths by an age-specific estimate determined from fitting a 7th-order polynomial to the sampled proportional widths across all ages. These methods did not produce satisfactory estimates or index values for polar bear GLG widths and would not permit testing of all possible hypotheses. Polynomial regression failed to adequately estimate proportional widths for polar bears, likely due to our greater sample size (67 polar bears versus 17 black bears). Using the average value for each GLG provided a robust and independent estimate for each age group, addressing whether observed values are greater or less than the average of the sampled population. The ratio PW i /PW ī for the polar bears revealed deviation from normality that was not observed in Carrel's (1994) relative width index; the deviation, again made more apparent by our larger sample size, was corrected by including the log transformation. Representing the width of the 1st GLG was not addressed by Carrel (1994) , who was focused on females of reproductive age. The 1st year of cementum deposition could be one of the most interesting because litter size, cub growth, and survival change with environmental conditions (Derocher and Stirling 1995; Stirling et al. 1999) . Our methods produce an index for GLGs produced during the 1st year of life that can be compared to physiological and environmental variables. The methods described here for calculating PWIs are based on a more precise estimate of GLG width and are more robust for parametric tests of hypotheses by meeting all assumptions.
An important consideration before attempting to correlate life-history events to cementum GLG is the correct assignment of age or calendar year to specific GLGs. Identifying GLGs can be difficult because of indistinct incremental lines, accessory lines that inflate age estimates, crowding of lines that may decrease age estimates, or damage during tooth processing (Hensel and Sorensen 1980; Klevezal and Kleinenberg 1967; Rogers 1978) . Both intra-and interobserver differences in identifying and counting incremental lines within a tooth may occur (Calvert and Ramsay 1998; Costello et al. 2004; Hensel and Sorensen 1980; Stewart et al. 1996) . Attempts at quantitative cementum evaluation will be complicated by incorrect age assignment. To avoid this bias, teeth from known-aged individuals should be used when initially evaluating cementum patterns as a recording structure for life history.
The ability to extrapolate life-history information from the cementum of polar bears and other mammals could be an additional tool for monitoring individual and population health. Teeth are one of the few biological samples collected from the .500 polar bears taken annually by hunters in Canada (Lee and Taylor 1994) . In many cases these specimens, and information from hunters, are the only sources of data for polar bears from infrequently monitored regions. Teeth may be collected from both living and deceased individuals and the highly mineralized nature of the tissue allows it to persist for long periods of time exposed to the elements. Additionally, correlations between GLG indices and the life-history or physiological data obtained from individuals during population monitoring and mark-recapture surveys will further our understanding of physiological and environmental influences on cementum.
